Eliasson P, Andersson T, Aspenberg P. Influence of a single loading episode on gene expression in healing rat Achilles tendons. J Appl Physiol 112: 279 -288, 2012. First published October 13, 2011 doi:10.1152/japplphysiol.00858.2011.-Mechanical loading stimulates tendon healing via mechanisms that are largely unknown. Genes will be differently regulated in loaded healing tendons, compared with unloaded, just because of the fact that healing processes have been changed. To avoid such secondary effects and study the effect of loading per se, we therefore studied the gene expression response shortly after a single loading episode in otherwise unloaded healing tendons. The Achilles tendon was transected in 30 tail-suspended rats. The animals were let down from the suspension to load their tendons on a treadmill for 30 min once, 5 days after tendon transection. Gene expression was studied by Affymetrix microarray before and 3, 12, 24, and 48 h after loading. The strongest response in gene expression was seen 3 h after loading, when 150 genes were up-or downregulated (fold change Ն2, P Յ 0.05). Twelve hours after loading, only three genes were upregulated, whereas 38 were downregulated. Fewer than seven genes were regulated after 24 and 48 h. Genes involved in the inflammatory response were strongly regulated at 3 and 12 h after loading; this included upregulation of iNOS, PGE synthase, and IL-1␤. Also genes involved in wound healing/coagulation, angiogenesis, and production of reactive oxygen species were strongly regulated by loading. Microarray results were confirmed for 16 selected genes in a repeat experiment (N ϭ 30 rats) using real-time PCR. It was also confirmed that a single loading episode on day 5 increased the strength of the healing tendon on day 12. In conclusion, the fact that there were hardly any regulated genes 24 h after loading suggests that optimal stimulation of healing requires a mechanical loading stimulus every day. tail suspension; microarray; unloading; inflammation ALTHOUGH IT IS ESTABLISHED that mechanical loading stimulates tendon healing, the underlying mechanisms are less clear. Loading leads to a change in gene and protein expression in the affected cells. This has been described in vitro and in vivo in models with regular, repeated loading (3-5, 9 -12, 17, 41). In a repeatedly loaded, healing tendon, the gene expression pattern will partly reflect the fact that healing is stimulated: all changes in gene expression that are associated with more or better healing will be registered. This is far downstream from the response to loading: a very large number of genes are likely to be up-or downregulated, and the gene expression pattern will give little information on the reaction to mechanical loading per se. Directly mechanoregulated genes, or genes with a closer relation to mechanically induced changes, would be the ones with a change in expression shortly after loading. One way to study which genes are involved in the first response to loading in vivo is to study gene expression after a single loading episode in an otherwise nonstimulated tendon. This would also allow a study of the time sequence of gene expression. At an early time point after a single loading episode there might be fewer regulated genes, which possibly would make the results less difficult to interpret.
ALTHOUGH IT IS ESTABLISHED that mechanical loading stimulates tendon healing, the underlying mechanisms are less clear. Loading leads to a change in gene and protein expression in the affected cells. This has been described in vitro and in vivo in models with regular, repeated loading (3-5, 9 -12, 17, 41) . In a repeatedly loaded, healing tendon, the gene expression pattern will partly reflect the fact that healing is stimulated: all changes in gene expression that are associated with more or better healing will be registered. This is far downstream from the response to loading: a very large number of genes are likely to be up-or downregulated, and the gene expression pattern will give little information on the reaction to mechanical loading per se. Directly mechanoregulated genes, or genes with a closer relation to mechanically induced changes, would be the ones with a change in expression shortly after loading. One way to study which genes are involved in the first response to loading in vivo is to study gene expression after a single loading episode in an otherwise nonstimulated tendon. This would also allow a study of the time sequence of gene expression. At an early time point after a single loading episode there might be fewer regulated genes, which possibly would make the results less difficult to interpret.
The early changes in gene expression in noninjured tendons after loading were studied 12 years ago (2), although not with microarray. We have now chosen a hypothesis-generating approach by microarray analysis to investigate the regulation of genes 0, 3, 12, 24, and 48 h after one loading episode. Rats were tail-suspended during the entire experiment and let down once, to walk on a treadmill on day 5 after Achilles tendon transection. After the microarray results were studied, a new, confirmatory experiment on a new set of rats was performed, and a selection of 16 genes that appeared to be regulated in the microarray was now measured by real-time PCR. In a final experiment, it was confirmed that the applied loading led to improved strength of the healing tendons. The presented data could contribute to our understanding of the response to mechanical loading in healing tendons and suggest areas for detailed studies of mechanical regulation.
MATERIALS AND METHODS
Ethical approval. One hundred female Sprague-Dawley rats were used for the study, 60 for gene expression analysis and 40 for mechanical evaluation. The study was approved by the Regional Ethics Committee for Animal Experiments and adhered to the institutional guidelines for the care and treatment of laboratory animals. The animals were housed one per cage and were given food and water ad libitum. All rats were habituated to a treadmill apparatus and their unloading cages before the experiment started.
Surgery. The rats were anesthetized with isoflurane gas (Forene, Abbot Scandinavia) and were given antibiotics (25 mg/kg oxytetracycline, Intervet), and analgesics (0.045 mg/kg buprenorphine, Schering-Plough) with subcutaneous injections preoperatively. Analgesics (0.045 mg/kg) were also given postoperatively during the first 24 h after surgery. The skin over the Achilles tendon was shaved, and the surgery was performed aseptically. A small transverse incision was made lateral to the tendon and the Achilles-plantaris tendon complex was exposed. The plantaris tendon was removed. The Achilles tendon was sharply transected, and a 3-mm segment was removed. The skin was sutured, but the tendon was left to heal unsutured and no bandage or cast was applied.
Unloading. On the day after surgery, all rats had their hindlimbs unloaded by tail suspension. The rats were kept one per cage in unloading cages with an overhead system, allowing the rats to rotate and move in all directions. The tail was shaved and an adhesive tape was secured to the tail. The tape was connected to the overhead system by a fish line and a swivel. The hindpaws were lifted just above the floor to prevent unwanted loading during the experiment.
The rats moved around on their forelimbs. The tail suspension is described more in detail elsewhere (33) .
Mechanical stimulation. Animals were either completely unloaded by tail suspension for the entire duration of the experiment or unloaded until day 5 after surgery, when they were exposed to mechanical stimulation (loaded): the rats were let down from the suspension to walk on a treadmill for 30 min (9 m/min, slightly uphill) before they were suspended again. The animals were monitored during the entire loading period to ensure that loading was applied to the injured limb.
Tissue harvesting. Animals for gene expression analyses were euthanized between days 5 and 7 after surgery. The rats were anesthetized with a subcutaneous injection, while still suspended, to prevent unwanted loading (0.5 mg/kg Dexdomitor; Orion Pharma, and 75 mg/kg Ketaminol; Intervet). They were then taken down from the suspension, and the skin on the right limb was shaved and washed with ethanol. The healing tissue was dissected free from the surrounding soft tissue under sterile conditions. A midsegment from the callus tissue was harvested, quickly rinsed in NaCl, and snap frozen in liquid nitrogen. The segment consisted of entirely newly formed tissue. Samples were stored at Ϫ80°C until RNA extraction. The rats were killed with an overdose of pentobarbital sodium after the tissue harvesting.
RNA isolation and purification. Extraction of total RNA was performed using the TRIspin method (40) , which is a combination of the Trizol method and RNeasy total mini kit (Qiagen). The frozen tendons were pulverized one by one in liquid nitrogen-cooled vessels using a Retsch mixer mill MM 200 (Retsch). Trizol reagent (Invitrogen) was added to the powdered samples and was left to thaw in room temperature. Chloroform was added, the samples were centrifuged, and the aqueous layer was transferred and mixed with 70% ethanol. RNA was further purified using the RNeasy total RNA kit according to the manufacturer's instructions. Potential DNA contamination was eliminated by DNase. RNA integrity was analyzed with the RNA 6000 nano kit (Agilent Technologies) and the quantity was measured by Nanodrop, ND-1000 Spectrophotometer (NanoDrop Technologies). RNA samples were stored at Ϫ80°C until use.
Microarray analysis. Samples for microarray analysis were collected 3, 12, 24, and 48 h after the loading episode was finished (Fig. 1) . Control samples were also collected from completely unloaded rats 5 and 7 days after surgery (C1 and C2). Three RNA samples from each rat group with the best quality were used for microarray analysis. They were analyzed by rat microarrays, Gene 1.0 ST array system (Affymetrix). The microarray analysis was carried out by the Bioinformatics and Expression Analysis (BEA) Core Facility (Karolinska Institute, Stockholm, Sweden). Generally, there was no statistically significant difference between the control groups from days 5 and 7 (C1 and C2). They were therefore pooled and considered as one control group (C). Each time point was thereafter compared with the controls (C) and the results were analyzed as fold change compared with this group. All comparisons were also tested by Student's t-test, and the genes were characterized both by fold change and P value. Genes with less fold change than 1.5 or P Ն 0.05 will not be mentioned.
Real-time PCR. Thirty new samples were used to confirm selected genes from the microarray analysis. These samples were collected 1, 3, and 12 h after the loading episode was finished, because the microarray results had shown that the response was strongest during the first 12 h. Samples were also collected from completely unloaded rats at day 5 after surgery. Five hundred nanograms of total RNA was transcribed into cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems) according to manufacturer's instructions. Primers for adamts-4, aggrecan, angiopoietin 1, angiopoietinlike 1, alox-5, C1qTNF3, fabp4, fmo2, iNOS, ptges1, IL1-␤, IL-1 receptor antagonist, pappa, scleraxis, tenomodulin, and vegf were bought from Applied Biosystems. Amplification was performed in 15 l reactions using TaqMan Fast PCR Master mix (Applied Biosystems). Each sample was analyzed in duplicate, and samples where the cycle threshold (CT) values differed more than 0.5 were reanalyzed. Real-time PCR reactions were conducted using a standard curve methodology to quantitate the specific gene targets of interest. The standard curve was made with embryonic rat RNA (Labinova) except for iNOS and fmo2 where the standard curves were made with rat spleen RNA. Each sample was normalized to a ratio of three different housekeeping genes 18S rRNA, cyclophilin A, and ubiquitin C (Applied Biosystems) that were all stably expressed between the groups. Reactions with no reverse transcription and no template were added as negative controls.
Mechanical evaluation. Ten completely unloaded rats and 10 with a single loading episode on day 5 were euthanized with CO 2 gas 8 days after surgery (3 days after loading). Another 10 unloaded and 10 loaded rats were euthanized 12 days after surgery (7 days after loading). The healing tendons were harvested together with the calcaneal bone and parts of the gastrocnemius and soleus muscle complex. Tendon callus dimensions were measured with a slide calliper. The sagittal and transverse diameters were measured on the midpart of the callus tissue, and the distance between the old tendon stumps (referred to as gap distance) was visualized by transillumination and measured. The cross-sectional area was calculated, assuming an elliptical geometry. For the mechanical testing, the muscles were carefully scraped of the tendon fibers, which were fixed in a metal clamp by fine sandpaper. The distance between the metal clamp and the calcaneal bone was measured as the length of the specimen. The bone was fixed in a custom-made clamp in 30°dorsiflexion relative to the direction of traction in the materials testing machine (100R, DDL, Eden Prairie). The machine pulled at constant speed of 0.1 mm/s until failure of the specimen. Peak force and stiffness were calculated by the software of the testing machine. The investigator marked a linear portion of the elastic phase of the curve for stiffness calculation. Peak stress and an estimate for elastic modulus were calculated afterward, assuming an elliptic cylindrical shape and homogenous mechanical properties. All measurements and calculations were carried out by an investigator blinded for treatment and group allocation of the specimens.
Statistical analysis. Results from the microarray analysis were regarded as descriptive. However, P values from Student's t-test were used together with fold change to identify strongly regulated genes and moderately regulated genes. Results from the PCR study (3 and 12 h) were seen as confirmatory. Thus, for each gene and time point, where a gene was regulated in the microarray, the PCR result was tested with Student's t-test. Other PCR data points were not analyzed. After this analysis, we also studied the PCR results for 1 h after loading. This was seen as exploratory, but is presented with t-tests for each gene. Results from the mechanical evaluation were analyzed by Fig. 2 . Number of regulated genes at each time point (3, 12, 24 , and 48 h after loading) compared with the pooled control group. Top: fold change Ն2 and P Յ 0.05. Bottom: fold change Ն1.5 and P Յ 0.01. Fig. 3 . The number of strongly and moderately regulated genes (fold change Ն2 and P Յ 0.05 or fold change 1.5-2 and P Յ 0.01) at each time point (3, 12 , and 24 h) as well as the number of genes regulated at 2 or more time points. The table at bottom shows the fold change of each of the 7 genes that were regulated at all 3 time points.
Student's t-test. The mechanical study was performed in two steps: we first analyzed the 8-day results and, based on the results, we formulated a new hypothesis for a 12-day experiment, which was therefore tested separately.
RESULTS
One sample in the control group day 5 (C1) in the microarray experiment was excluded from the analysis due to a significant aberrancy in correlation coefficient compared with the other samples. This was most likely due to errors during the preparation of the sample. One sample in the 3 h group in the confirmatory PCR experiment was excluded from the analysis due to phenol contamination during RNA isolation.
Microarray. Among the unloaded animals in the two control groups, 27 genes were differently expressed between days 5 and 7 (fold change Ն1.5 or P Յ 0.05; Table 1 ). Fifteen of these genes were more expressed at 7 days and 12 genes were less expressed. Consequently, a pooled control group could not be used for the analysis of these genes, which are therefore presented separately. The remaining genes were designated as strongly regulated if they had a fold change Ն2 and P Յ 0.05.
Moderate regulated implies a fold change between 2 and 1.5, P Յ 0.01.
The most dramatic response in gene regulation was seen 3 h after loading, where 86 genes were strongly upregulated and 64 strongly downregulated (Fig. 2 ). There were 644 moderately regulated genes (of which 303 were up and 341 down). Twelve hours after loading, only three genes were strongly upregulated and 38 strongly downregulated. There were 380 moderately regulated genes, where as little as eight genes were upregulated and the remaining 372 were downregulated. Very few genes showed a response after 24 and 48 h (Fig. 2) .
Out of the 794 genes regulated at 3 h, 135 were also regulated at 12 h (Fig. 3) . The majority of these genes were downregulated, and only six genes were upregulated at both time points. There were also seven genes regulated at three time points (3, 12 , and 24 h).
To study the response to loading in more detail, genes were classified into one or more of seven broad functional groups based on gene ontology nomenclature. The different groups were: apoptosis, cell differentiation, cell proliferation, extracellular matrix, inflammation, transcription factors, and wound healing 
Strong response means fold change Ն2 and P Յ 0.05. Moderate response means fold change 1.5-2 and P Յ 0.01. 1, genes are upregulated by loading; 2, genes are downregulated by loading. Fig. 4 . Regulated genes involved in nitric oxide and eicosanoid synthesis. Upregulated genes ( 1) and downregulated genes ( 2).
( Table 2 ; supplementary data available from the authors on request).
Strong regulation of inflammation-associated genes. Gene ontology revealed that 13% of the strongly upregulated genes at 3 h were involved in inflammation. The inflammation related genes were largely chemokine receptors and ligands, as well as interleukins. Nitric oxide (NO) and prostaglandins (PG s ) also appeared to be upregulated (Fig. 4) . Several genes in the NO synthesis pathway were regulated, and the response was fast and short lived (they were only regulated at 3 h after loading). The eicosanoid system was highly regulated at 3 h, but also slightly regulated at 12 h (PGE receptor 3). Real-time PCR for IL-1␤, IL-1 receptor antagonist, iNOS, and ptges confirmed an upregulation by loading after 3 h (P Յ 0.007; Table 3 ). However, the downregulation of alox5 seen by microarray was not confirmed.
Upregulation of genes involved in wound healing and coagulation. Wound healing-associated genes were mainly upregulated at 3 h. Several of these genes are implicated in blood coagulation (e.g., F2rl2, F3, and F5). A few genes implicated in scar formation were also regulated by loading (e.g., tgf-␤3, mdk, and bmp-6).
Downregulation of proteoglycans and collagens. Mechanical loading appeared to regulate genes involved in proteoglycan synthesis and degradation. Aggrecan, keratocan, and fibromodulin were all downregulated by loading at several time points (3-24 h; Fig. 5) . Conversely, the majority of the aggrecanases, proteins that degrade proteoglycans, like adamts, were upregulated. Only a few collagen genes were regulated by loading with this setup (Fig. 5) . Coll VIII and coll XI were both downregulated 3 h after loading. There was also some downregulation of collagens at 12 h. None of the abundant tendon collagens (I and III) were regulated in this experiment. Realtime PCR confirmed the upregulation of adamts4 (P Յ 0.001), but we could not confirm the downregulation of aggrecan (Table 3) .
Identification of additional groups. In total, 271 of the regulated genes were allocated to any of the groups based on gene ontology. Several of them have multiple gene ontology and are therefore allocated to more than one group. However, the majority of the regulated genes were not allocated to any of these groups. Literature studies and a search on annotations in Universal Protein Resource (Uniprot; http://www.uniprot.org) on the rest of the strongly regulated genes revealed additional functional groups of interest, namely angiogenesis, adipocyte markers, production of reactive oxygen species (ROS) and oxidative stress, and tendon-specific genes.
Changed expression of angiogenesis-related genes. Several of the regulated genes play different roles during angiogenesis, like angiopoietin, angiopoietin-like 1, angiomotin, and vegfa (Fig. 6 ). The majority of these genes was downregulated by loading. Two genes, vegf and IL-18, were upregulated. Realtime PCR confirmed the downregulation of angiopoietin 1 (P Յ 0.001) and angiopoietin-like 1 (P Յ 0.03) as well as the upregulation of vegf (P Յ 0.001) after 3 h (Table 3) . At 12 h after loading, angiopoietin-like 1 was still downregulated (P Յ 0.001), but angiopoetin 1 downregulation in the microarray was not confirmed by PCR. Values are expressed as a mean ratio of each gene compared to three reference genes ϮSD. Regulated genes are involved in proteoglycan synthesis and degradation, inflammation, angiogenesis, ROS production, adipocyte formation, and tendon markers. Bold indicates where a t-test has been done (either at 1 h, or based on a significant change in the microarray data). *Significant difference from control P Յ 0.05.
Downregulation of adipocyte markers.
Six genes related to adipocytes and adipocyte differentiation were regulated by loading (Table 4) . These genes were all downregulated. Alk7 was moderately downregulated between 3 and 24 h after loading, whereas fabp4 was only moderately downregulated at 3 h. However, although the real-time PCR for C1qTNF3 and fabp4 showed lower expression in the loaded groups, this was not statistically significant (Table 3) .
Changed expression of genes associated with ROS production and oxidative stress. Mechanical loading influenced several genes related to reactive oxygen species (ROS). A few genes were upregulated, but most were downregulated (Fig. 7) . The flavin containing monooxygenases were all downregulated by loading. The downregulation of fmo2 was confirmed by real-time PCR at 12 h (P Յ 0.001), however, not at 3 h. Three genes, hmox1, s100a9, and pappa, were all upregulated by loading. The upregulation of pappa at 3 h was also confirmed by PCR (P Յ 0.009). Two other families involved in ROS production are the gst family and akr family 1: five of these genes were all downregulated by loading. Heat shock proteins are also involved in resistance to oxidative stress and two of them were upregulated by loading.
Loading appeared to downregulate tendon-specific genes. Tenomodulin and scleraxis are described as tendon-specific genes. Scleraxis was downregulated by loading at 3 h in the microarray by a fold change of 1.8. Real-time PCR also confirmed that scleraxis was less expressed in the loaded tendons at 3 h (P Յ 0.003; Fig. 8 ). Tenomodulin expression increased from day 5 to day 7 in the two control groups, and it was therefore hard to interpret the effect of loading on this expression. However, the absolute expression of tenomodulin at 3 h was 475 compared with 1015 in the control group day 5, which indicated a downregulation by loading (Table 1) . We therefore analyzed tenomodulin further by PCR and found that tenomodulin was significantly downregulated by loading at 3 h (Fig. 8) .
Gene regulation 1 h after loading. Four of the 16 genes studied by real-time PCR also showed a changed expression (upregulation) already 1 h after loading. Adamts-4 reached its peak expression after 1 h (P Յ 0.001) and remained highly expressed at 3 h. Both IL-1␤ and the IL-1␤ receptor antagonist were affected already after 1 h (P Յ 0.007 for both). The expression of IL-1␤ was also higher at 1 h compared with 3 h. IL-1␤ receptor antagonist was increased at 1 h and continued to increase until 3 h. Vegf was also increased after 1 h (P Յ 0.001).
A single loading episode day 5 increased strength at day 12. One loading episode of 30 min increased the peak force, 7 days after the loading was applied, by 19% (95% CI: increase by 0.4% to 36%, P ϭ 0.05; Fig. 9) . Also, the cross-sectional area and energy uptake was increased by 27 and 99%, respectively (P ϭ 0.02 and 0.004; Table 5 ). However, stiffness was not affected by loading, and the estimate for elastic modulus was decreased by 31% (P ϭ 0.007). The response to a single loading episode was not apparent after just 3 days. At this time, the effect on peak force had a confidence interval between Ϫ22% to 23%. None of the other parameters were affected either.
DISCUSSION
In vitro experiments mainly use a single cell type, whereas the healing tendon callus contains a mixed population of cells, including fibroblasts, inflammatory cells, and endothelial cells. Because all these cells are involved in the regulation of healing, it is important to study tendon healing in vivo.
Mechanical effect of loading. That fact that just one single loading episode was enough to improve the strength of the callus tissue was striking. The increase in strength was first seen 1 wk after loading and originated from an increased cross-sectional area compared with the controls. This was not seen after just 3 days. Conceivably, it might take a longer time than 3 days for an increased amount of extracellular matrix to be formed and thereby give a stronger callus. The increase in strength by one single loading episode was roughly 20%. In a previous study with similar loading episodes for 4 consecutive days, we saw a 60% increase in strength (9) . This could indicate an additional effect of the three subsequent daily loading episodes.
Although hundreds of genes were regulated at 3 h, there was hardly any response left after 24 h. This could suggest that there is a need to refresh the loading stimulus every day to maintain an even gene-expression response. However, how this relates to protein levels is unknown.
Strong regulation of inflammation-associated genes. Inflammation seems to be regulated by mechanical loading. We previously saw that loading can improve tendon healing during the inflammatory phase of healing (9) . Loading can also regulate the expression of inflammation-associated genes in the same model (10) . This suggests that drugs that regulate the inflammatory response could perhaps be used to stimulate tendon healing in unloaded tendons. NO and prostaglandins are involved in the inflammatory process and has been previously implicated in mechanotransduction (3, 7, 8, 16, 25-27, 44 -46, 51) . This was also seen in our model, where iNOS and related genes, like ass-1, asl, and arginase 1, appeared to be highly mechanosensitive. These genes are often coregulated to closely control the levels of NO (34) . NO has been previously shown to be important during tendon healing by improving the organization of the collagen and regulating the inflammatory response (6, 29, 35, 36, 42, 49, 50) .
Genes involved in eicosanoid production were also regulated by mechanical loading. The production appeared to be driven toward prostaglandin production and away from leukotriene production. The increased expression of PGE synthase was confirmed by real-time PCR, but we failed to confirm the decreased expression of alox5, which is the enzyme involved in leukotriene production. Inhibition of prostaglandins has been shown to influence tendon healing in loaded tendons (15, 18, 47). Fig. 9 . Peak force 3 and 7 days after one single loading episode. Control are constantly unloaded rats at the corresponding time points. The term loading refers to unloaded rats subjected to one single loading episode for 30 min on a treadmill day 5 and thereafter unloaded again for 3 or 7 days before death. Peak force was increased 7 days after loading, P ϭ 0.05.
Upregulation of genes involved in wound healing and coagulation. Some of the genes in the wound healing category are involved in blood coagulation. We have seen previously, by histology, that small bleedings are common in both unloaded and loaded rat tendon calluses, but to a greater extent in the loaded ones (9) . Therefore, the increase in gene expression of coagulation factors may be a consequence of microdamage and increased bleeding in the callus.
Healing also included regulation of genes involved in scar formation (e.g., tgf-␤3, bmp-6, ctgf, and mdk). Surprisingly, these genes were all downregulated by loading. Some of these genes are more expressed in fetal tissues compared with the adult tissues and are suggested to have antifibrotic properties (13, 20) . Overexpression of bmp-6 can, however, also induce scar formation (24) , and therefore the levels of bmp-6 may be crucial for the fibrotic response. In summary, loading appears to decrease the expression of some antifibrotic genes and might thereby induce more scar formation.
Downregulation of proteoglycans and collagens. One of the few genes that showed a lasting downregulation from 3 to 24 h was keratocan. Keratocan has previously been detected in both tendons and ligaments by microarray (22, 37) . Another proteoglycan, fibromodulin, was also downregulated by loading. Both these proteins are involved in regulation of fibrillogenesis and organization of the collagen matrix (21) . Possibly, loading loosens the regulation of fibrillogenesis in favor of the production of more, but less organized, matrix during this phase of healing. The expression of aggrecan was also decreased in the array data, but this could not be confirmed by real-time PCR. Still, the expression of most aggrecanases was increased. The primary target for degradation by aggrecanases are proteoglycans and largely aggrecan (21) . Aggrecan is normally responsible for water retention. Although it is not clear whether loading decreases the production of aggrecan, its degradation appears to be upregulated. This suggests that there might be less water holding capacity in the loaded tendons compared with the unloaded ones, which may be important for their mechanical properties.
Changed expression of angiogenesis related genes. Genes that stimulate proangiogenetic processes (e.g., angpt1, amot, and enpp2) were downregulated by loading (1, 19, 39) . Inhibitors of angiogenesis were also regulated by loading: angptl1 was downregulated while IL-18 was slightly upregulated. Vegf and fgf-2 are two of the most well known growth factors active in angiogenesis (14, 38) . Fgf-2 was moderately downregulated and so far it seems that loading is antiangiogenic in this model. However, in contrast to this general picture, vegf was moderately upregulated. Thus, with exception for vegf and angptl1, proangiogenic genes were downregulated and antiangiogenic genes were upregulated. This implicates that loading might decrease excessive angiogensis. A mature tendon has little vascularization, while early callus is richly vascularized. A reduced angiogenesis could therefore indicate that the tissue is starting to become more tendonlike in this respect. However, many of the mentioned genes are also involved in other functions. The association between mechanical loading and angiogenesis therefore needs to be further investigated.
Downregulation of adipocyte markers. Adipocytes and tenocytes originate from mesenchymal stem cells. We have seen previously that mechanical loading seems to reduce the amount of adipocytes in the healing tendon tissue, compared with unloaded tendon calluses (unpublished). Proteins involved in adipocyte differentiation are known to increase during tendon healing (23) . However, the most known marker for adipocyte differentiation, ppar-␥, remained unchanged by loading in our model. A number of other genes involved in adipocyte differentiation, like C1qTNF and Enpp2 (43, 48) or adipocytespecific expression like Alk7 and Fabp4 (43) , were all downregulated by loading. However, the genes chosen for real-time PCR did not confirm the lower expression in loaded samples. Therefore, whether loading of healing tendon inhibits adipocyte differentiation needs to be further investigated.
Changed expression of genes associated with ROS production and oxidative stress. Trauma, healing, and loading are likely to induce production of ROS (30) . A number of the regulated genes are indeed involved in ROS production. Antioxidative genes like hmox1, s100a9, and pappa were all upregulated by loading. S100a9 is thought to improve wound healing by scavenging excessive oxidants at inflammation sites (28) , and hmox1 has been previously shown to be upregulated by mechanical stress in tendons cells in vitro (32) . Pappa is a metalloproteinase that has several functions; one is to protect cells from oxidative stress. Moreover, several pro-oxidative genes were downregulated, like nox-4, xdh, fmos 1-4, and maoB. Therefore, it appears that loading protects the cells from excessive ROS production. However, contrary to this picture, some antioxidative genes were downregulated, like a few members of the Gst family and akr family 1. ROS production is important for several different functions in the cells and therefore indispensible. However, if too much ROS is produced, a harmful oxidative stress could be induced. Although the picture is not clear cut, it seems that loading might prevent excessive production of ROS and thereby protect the cells against oxidative stress. Loading seems to downregulate tendon-specific genes. The downregulation of the tendon marker scleraxis was surprising. We have seen previously that loaded tendon calluses have a higher expression of tendon markers compared with unloaded ones (10) . However, this was only evident in the later phases of healing (days 14 and 21) in freely loaded tendons. It may be that loading initially launches a general healing response and that a more tendon-specific response comes later with continued loading.
This study could open up in the future a better understanding of how mechanical loading influences tendon healing. However, it has a number of limitations. We only investigated gene expression and not studied how this correlates with protein levels. This has to be done for relevant proteins. We also only investigated the effect of loading at one single time point during tendon healing. Notably, the applied loading episode influenced the strength of the tissue, despite the fact that loading was applied at an early phase of healing. We believe day 5 in this model corresponds to the end of the inflammatory phase and the beginning of the most intensive phase of matrix formation. The response might be different if loading were applied later, during the remodeling phase. Several of the regulated genes have multiple functions, and it is therefore hard to draw solid conclusions about the role of, for example, inflammation, angiogenesis, or ROS production during tendon healing. To improve our understanding of the mechanisms behind the response to loading, analyses at an even earlier time point than 3 h might be more informative.
Our animal model has several limitations. The transferability of research from animals to humans can always be questioned. Rats are quadrupeds, which could, of course, result in discrepancies in the response to loading, as they can more easily regulate the amount of loading of each limb. They may also use different mechanisms for balancing and locomotion (31) . However, cells in humans and animals most likely have similar mechanisms for mechanotransduction. The distance between the rat tendon stumps after transection is a few millimeters. This is roughly the same distance as between fiber bundles in ruptured human Achilles tendons, and we therefore suggest that healing processes like cell migration, capillary growth, etc., will occur under similar conditions. The sharp transection of an otherwise healthy tendon is, however, different from the ruptured Achilles tendon in patients, with its frayed ends and degenerative background. Tail-suspension is also quite different from the situation in patients with immobilized joints. However, tail-suspension allows us to study the effect of loading per se and not just ankle joint movements without loading. It is important to discriminate between movement and loading when we want to increase the understanding of treatment strategies (e.g., passive mobilization vs. loading with forces).
In conclusion, mechanical loading during tendon healing mainly regulates gene expression during a couple of hours. This indicates that there might be a need to repeat the loading every day to sustain an even gene response. Moreover, inflammation, angiogenesis, and formation of reactive oxygen species might be influenced by loading in a way that leads to improved healing.
